Mass balance models of chemical fate and transport can be applied in ecological risk assessments for quantitative estimation of concentrations in air, water, soil and sediment.
Introduction
Reliable assessment of the potential impact of chemical releases on ecosystems is essential in fields such as ecological risk assessment (1), life-cycle impact assessment (2), pre-market chemical analysis, and green engineering (3) . In these applications, the potential ecological impact of chemicals must be evaluated by assessing the likelihood that adverse effects may result from environmental exposure to the chemical. and Transfer Registries (PRTRs). In these applications the goal of the assessment is usually to identify chemicals that pose the highest potential ecological risk so that resources can be effectively prioritized on substances that warrant further study and possible risk reduction measures.
Differences in potential impacts among a large set of chemical contaminants depend on how much and where the chemicals are released, how they are transported in the environment, how long they survive or persist, and how much toxic stress they place on ecosystems. Multimedia transport and transformation models can be used to evaluate (i) how and where chemicals will partition in the environment, (ii) how long they persist, and (iii) estimated concentrations in the air, water and food that directly contact organisms. These concentrations can be used to estimate exposure or dose with subsequent evaluation of the likelihood of toxic effects. In human health risk 3 assessments, exposure and dose-response are often evaluated separately and then combined to determine risk. MacLeod and McKone (4) have shown that for human populations the source-to-dose relationship expressed as the fraction of the emitted molecules contacting a target population (the "intake fraction", iF) is strongly correlated with overall multimedia persistence (Pov). Pov can be deduced from chemical properties and media-specific degradation half-lives using a multimedia fate model, providing a quantitative link between releases and exposure. Unfortunately, analogs to the iF approach are not currently available for assessing aquatic or terrestrial ecosystem impacts.
Much of ecological risk assessment has been focused on defining environmental concentrations that protect the majority of individuals or species (5, 6) . This process requires significant input of chemical-and species-specific concentration-response data.
These data are available for many chemicals for some aquatic species, but for only a very limited number of terrestrial species. One common approach to overcome this lack of data is the use of a species sensitivity distribution (SSD) that assumes the dose-response function follows a logistic shape with respect to variation in species sensitivity (1).
This allows laboratory or ecosystem-scale dose-response functions to be constructed from species-specific toxicity data. The resulting relationship extrapolates empirical information about variations in species sensitivity, but it does not consider the underlying mechanistic relationship between exposure and internal dose that may help to explain the shape and spread of the distribution.
Adverse impacts that may result from chemical exposure concentrations in water, sediment or soil show significant variation among chemicals and species. These variations depend on a number of factors, notably, dose to the organism, the relationship between dose and tissue concentrations, and the target tissue-specific toxic impact. The Toxicologists recognize that the concentration of chemical at the specific target site and the mode of action at that site are what combine to determine the likelihood of toxic effects on an organism. A major effort has been made to interpret environmental toxicology data in terms of internal "critical residue concentrations" that induce toxic effects by various modes of action (7) (8) (9) (10) . This approach offers several practical advantages over assessments based on external concentrations in exposure media.
Critical residue concentrations provide an intensive metric of toxicity that can be used in comparative ecological risk assessments to translate exposures into risk estimates (11) , as well as in the evaluation of chemical mixtures that are comprised of components sharing a similar mode of toxicological action (12) . At present the whole-body "critical body residue" (CBR) for lethal effects of non-specific acting narcotics (~2 mmol/kg) is the most well established and agreed upon example of a toxicological endpoint based on an internal dose (11) .
Goals of this paper
Human activities not directly related to chemical exposure can also impact plant and animal species (1, 13 Specifically, we address methods for developing combined source-to-dose and doseresponse models for ecosystem food webs.
Our goal is to illustrate how multimedia contaminant fate models can be coupled to evaluative bioaccumulation models to estimate internal concentrations that serve as input to screening ecological risk assessments.
We do this using a case study of gasoline discharged into various environmental compartments. Gasoline has been selected since the component hydrocarbons comprising this complex substance exhibit a common ecotoxicological endpoint (narcosis) that can be assessed relative to effects-based critical body residues. Given this common mode of toxic action, our premise is that environmental fate, bioaccumulation, and metabolism are the key factors that distinguish potential impacts among these components. Further we assume that the component hydrocarbons comprising this complex substance additively contribute to toxicity. Ecological risk assessments based on source-to-target models using chemical properties data have the potential to account for variations in tissue concentrations across chemicals and species.
Methods and Data
Our proposed risk assessment methodology requires sequentially modeling the relationships between (i) emissions and environmental concentrations, (ii) environmental concentrations and intake/uptake by organisms, and (iii) chemical uptake and concentration for a specific target tissue in the body. This tissue concentration can be compared to critical tissue residue values to assess risk. Models and data used in the case study to assemble these linkages are discussed below.
Our illustrative case study considers gasoline released into a generic regional environment. Modern industrialized economies depend on efficient production and distribution of gasoline. In the United States approximately 1.4 x 10 9 liters of gasoline are consumed per day (14) , and discharges to the environment are possible at every step 6 of the supply line from refinery to consumer. Gasoline is a mixture of many individual chemicals. Our assessment strategy relies on grouping this mixture into a set of 24
"blocks" of hydrocarbon compounds that have similar physico-chemical properties and degradation rates, as described by Foster et al. (15) and illustrated in Table 1 . These blocks were selected on the basis of carbon number, chemical structure (i.e., alkanes, aromatics, alkenes) and properties. In some cases, such as benzene and toluene, the block consists of a single substance. Gasoline additives are not considered in the assessment.
Estimation of environmental concentrations from emissions
A wide variety of multimedia fate models are currently available that treat the environment-chemical system on different spatial and temporal scales, and at different levels of complexity. For our illustrative case study we selected the Level III EQuilibrium Criterion (EQC) model (16) Table 2 (15) . Details of the data sources and methods used to compile this data are provided in the supporting information.
Emissions to air, water and soil are treated separately but the results can be scaled and combined later to evaluate the total effect. For this illustrative case study we arbitrarily assume that each "unit" emission rate of the gasoline mixture in the EQC model region is 100 kg/h. The releases are treated as area sources that are evenly distributed throughout the region. Evaluation of localized sources and impacts are beyond the scope of this 7 study. Figure 1 shows the representative molar composition of gasoline used to calculate emissions of each hydrocarbon block. Gasoline formulations vary between locations and with season and octane rating. The gasoline mixture composition used here is based on formulations used in Western Europe and is assumed to be broadly illustrative of gasoline used in most industrialized countries (15) . We have further made the simplifying assumption that gasoline entering air, water or soil has the same composition. In reality, gasoline vapor lost to air during transfer and storage is likely to have a higher fraction of the more volatile components.
The results from the EQC model include three sets of predicted regional concentrations of each gasoline hydrocarbon block in air, water, soil and sediments resulting from emission to air, water and soil.
Estimation of intake of environmental contaminants by organisms
Wildlife are exposed to chemicals in the environment through contact with air, water and food. Dermal exposure is not treated. Intake of chemicals into an organism is therefore based on concentrations in relevant exposure media including respired air (or in the case of fish, respired water) and ingested food. The resulting chemical intake rate or dose is obtained by multiplying the contact concentrations in air, water or food by the corresponding intake rates for respiration, water and food ingestion.
In our case study, exposure concentrations in air and water are taken directly from the EQC model results for these media. Exposure concentrations in foods are calculated from a specified environment-to-food accumulation factor. For initial screening purposes, we assume equilibrium partitioning between foods and a selected reference environmental medium (Table 3) . Where P is the physiological parameter of interest and A and B are empirical constants.
Specific parameters for describing breathing rates of mammals and birds in the case study were taken from Frappell et al. (18) . Details of parameters and equations used are given in Table 3 and the supporting information.
These calculations relate environmental concentrations to exposure media concentrations in air, water and food, and estimate the resulting chemical exposure and intake by the organism through respiration and ingestion routes.
Estimation of uptake and target tissue concentrations
While intake brings contaminants into the gut or lung, uptake by the organism across the biological barriers into the body is determined by the efficiency of chemical assimilation or absorption across these barriers. A considerable literature has developed in recent years on models describing the bioconcentration, bioaccumulation and biomagnification of contaminants by a variety of organisms and in food webs comprising several trophic levels (19) (20) (21) (22) (23) . Although most models apply to fish, recent models include birds and mammals (24) . These models have the common feature that they calculate uptake from food and respired air or water and loss by respiration, metabolism, egestion, growth dilution and possibly reproduction. A steady-state concentration can be calculated by balancing input and loss rates in the organism. More complex dynamic models can be used when appropriate.
For this illustrative case study, a generalized two-compartment evaluative model of chemical uptake was developed based on the FISH model of Mackay (25) and parameterized for three generic species by specifying the respired medium (air or water) and the composition of the organism's diet. The two-compartment model represents the gastrointestinal tract and the entire remaining internal body volume of the organism.
The 24 gasoline hydrocarbon blocks in our case study are assumed to have a narcotic mode of action. Narcotics cause depression of locomotion and sensory functions by nonspecific interactions with cellular proteins and lipids (26) . Because the target tissues for narcotics are located throughout the body, the whole-body internal concentration calculated by the model is appropriate for comparison with the critical concentration of 2 mmol/kg, which has been estimated as the approximate toxic threshold for narcotics (7, 8) . Critical concentrations corresponding to chronic effects for narcotic chemicals are expected to be less than an order of magnitude below this value (27) .
In In addition to being a recognized narcotic, benzene is also a human carcinogen (29) .
However, because cancer is typically not a population relevant endpoint used in ecological risk assessments we consider benzene as contributing only to the total narcotic tissue burden of the organism.
For some organisms and chemicals, metabolism is an important process for transformation and subsequent removal of chemicals from the body following uptake.
The current dearth of data on species-and chemical-specific metabolism rates can introduce uncertainty at this stage of the assessment. In the current case study we ignore metabolism as a mechanism for removal of chemical from the body. We justify this by noting that ignoring metabolic losses will conservatively over-estimate the concentration of narcotic substances in the whole body of the organism. If metabolic rate data or empirical bioaccumulation factors are available they can be used in preference to the conservative assumption of zero metabolism. We also do not explicitly account for metabolized dose or metabolite concentrations. Instead, we estimate the risk of toxic effects by comparing total organism concentrations of narcotic molecules to the critical body residue value. Including metabolism will significantly alter the results of the assessment if metabolism followed by excretion of metabolites is a dominant loss mechanism relative to the rates of egestion, respiration losses and growth dilution.
Results
The results of the environmental fate modeling include concentrations and fugacities respectively. Displaying the results of these calculations succinctly is challenging, but these figures illustrate where gasoline partitions, the regional inventory, the overall residence time (which depends on the degradation half-lives, partitioning, and advection rates of air and water), the uptake routes for the three organisms and the corresponding internal body residues.
Discussion
The results of the case study clearly demonstrate that environmental concentrations and body residues for both the individual blocks and the overall gasoline mixture differ considerably depending on target species and the mode of release to the environment.
Differences in transfer efficiencies for the individual blocks result in significant differences between the compositions of the gasoline hydrocarbons in the target organism tissue and that of the emitted mixture. In the following paragraphs, we examine in sequence the transfer pathways from emission to internal tissue concentration for each mode of release.
Emissions to air
At steady-state, almost all of the gasoline components that are released to air remain in the air compartment ( Figure 2) . As a result, exposure pathways for birds and mammals are dominated by inhalation, and the body residues in these species represent nearequilibrium partitioning between the atmosphere and the animal. 
Emissions to water
Releases of gasoline to water (Figure 3 It can be informative to deduce the body or tissue residue resulting from a unit emission, and then determine the factor by which the residue is lower than the critical level. This factor can then be used to estimate a "critical emission rate" that produces the corresponding critical tissue level. The critical emission rate can then be compared to order-of-magnitude estimates of actual emissions to identify situations that warrant more detailed analysis. While production, usage and emission data are often unavailable for a specific region or industrial facility for reasons of commercial confidentiality, estimates of aggregate national or per capita are often available.
Similarly, when there is a lack of empirical toxicity data but the molecular structure suggests a specific mode of action, it is possible to assign a target tissue or whole body concentration to that mode of action, considering appropriate uncertainty limits. While toxicity classifications that take mode of action into consideration are available (30, 31) , future work is needed for translating these framework schemes into critical internal concentrations that are protective of adverse effects.
In the extreme case in which the mode of action is uncertain or unknown, a worst plausible case scenario can be assumed. The corresponding critical emission rate that will produce that concentration can de deduced and compared with likely ranges of actual emissions. If these rates or ranges in rates are comparable there is an incentive to conduct experimental tests or monitoring programs to better characterize the substance's toxicity and/or environmental exposure.
We believe that it is preferable to use internal tissue concentrations representing the "delivered dose" to a target site rather than external concentrations when assessing the likelihood of an adverse effect. When risks of toxic effects are assessed using external concentrations the relationships are confounded by factors that influence the efficiency or rate of uptake. While future research is needed to better define tissue concentrations that correspond to adverse effects for various modes of toxic action, addressing the uptake process separately makes it possible to obtain more generalized relationships between toxicity and molecular structure. It is probable that at least some of the variability among species susceptibility is attributable to the predictable differences in uptake sources and rates as influenced by chemical properties.
The models described in this study are best suited to screening level assessments such as comparative assessments between the same chemicals released in different environments or with different species, or between chemicals with different modes of toxic action.
These models are valuable to make estimates of expected chemical concentrations and associated risks and to develop an understanding of key processes, but there are limitations and potential pitfalls in extrapolating the results across chemicals and chemical classes or to specific regions or sites. Modeling tools are constantly being improved and evaluated against monitoring and exposure data, and new models are likely to emerge with enhanced capability to track chemicals quantitatively from point of release through partitioning and fate in the environment, entrance into exposure pathways and migration into and within the receptor organism. As models improve, are tested against monitoring data and become more credible they can be applied with greater confidence to site specific and region specific situations resulting in more accurate and detailed ecological risk assessments.
Whereas the present focus has been on ecological risk assessment using critical body residues as the endpoint, an analogous methodology could in principle be applied to 
